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Grains of 12 accessions of Triticum timopheevii (Zhuk.) Zhuk. ssp. timopheevii (AAGG, 
2n = 4x = 28) and one bread wheat cultivar Chinese Spring (CS) and one durum wheat cul-
tivar Langdon (LDN) grown across two years were analyzed for grain iron (Fe) and zinc (Zn) 
concentrations. All the 12 tested T. timopheevii ssp. timopheevii genotypes showed signifi-
cantly higher concentration of grain Fe and Zn than CS and LDN. Aboundant genetic vari-
ability of both the Fe and Zn concentrations was observed among the T. timopheevii ssp. 
timopheevii accessions, averagely varied from 47.06 to 90.26 mg kg–1 and from 30.05 to 
65.91 mg kg–1, respectively. Their grain Fe and Zn concentrations between years exhibited 
a significantly positive correlation with the correlation coefficients r = 0.895 and r = 0.891, 
respectively, indicating the highly genetic stability. Flag leaf possessed twice or three times 
higher concentrations for both Fe and Zn than grain, and a significantly high positive cor-
relation appeared between the two organs with r = 0.648 for Fe and r = 0.957 for Zn concen-
trations, respectively, suggesting flag leaves might be indirectly used for evaluating grain Zn 
and Fe contents. Significant correlations occurred between grain Fe and Zn concentrations, 
and between grain Zn concentration and the two agronomic traits of plant height and number 
of spikelets per spike. Both the concentrations were not related to seed size or weight as well 
as NAM-G1 gene, implying the higher grain Fe and Zn concentrations of T. timopheevii ssp. 
timopheevii species are not ascribed to concentration effects of seed and the genetic control 
of NAM-G1 gene. There might be some other biological factors impacting the grain’s Zn and 
Fe concentrations. These results indicated T. timopheevii ssp. timopheevii species might be 
a promising genetic resource with high Fe and Zn concentrations for the biofortification of 
current wheat cultivars.
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Introduction
It has been reported that micronutrient malnutrition, particularly deficiencies in Fe and 
Zn, afflicts a very large proportion of the world’s people. The World Health Organization 
estimated that more than 2 billion people have deficiencies in Zn and Fe, resulting in 
overall poor health, anemia, increased morbidity and mortality rates, and low worker 
productivity (Hotz and Brown 2004; Welch and Graham 2004; Bouis 2007; Cakmak 
2008; Salim-Ur-Rehman et al. 2010). Currently, the phenomena which are termed “hid-
den hunger” (FAO 2002), generally occur in developing countries, where most people 
rely on cereal grain as their staple food. 
Bread wheat (Triticum aestivum L.) is one of the most important staple food crops, 
providing 28% of world’s edible dry matter (Cakmak 2008). So, the composition and 
nutritional quality of wheat grain have a significant impact on human health and well-
being worldwide (Chatzav et al. 2010; Wang et al. 2011). In the past, a great effort has 
been made for improving wheat grain yield and resistance to leaf diseases (He et al. 
2004). However, little attention was given to micromineral nutritional quality, resulting in 
most of modern elite wheat varieties having lower grain Fe and Zn concentrations (Cak-
mak 2008; Joshi et al. 2010). Thus, biofortification of wheat grain through genetic ma-
nipulation has been proposed as the best approach for combating micronutrient malnutri-
tion. 
Sufficient variability for Fe and Zn concentrations is not available in the cultivated 
germplasm of wheat, limiting options for breading wheat with high concentrations and 
bioavailability of Fe and Zn (Cakmak et al. 2004). Whereas, several wild species have 
been reported possessing higher grain Fe and Zn concentrations (Chhuneja et al. 2006; 
Chatzav et al. 2010). Wang et al. (2011) reported wheat-Aegilops disomic addition lines 
showed high Fe and Zn concentrations. Neelam et al. (2011) discovered that introgression 
of group 4 and 7 chromosomes of Ae. peregrina (Hack.) Maire & Weill (UPUPSPSP, 
2n = 4x = 28) in wheat enhanced grain Fe and Zn concentrations. Consequently, these 
results are undoubtedly encouraging to screen and utilize wild species for improving Fe 
and Zn concentrations of cultivated wheat. 
T. timopheevii (2n = 4x = 28, AAGG) is an ancient-related species cultivated (Wan et 
al. 2002). Several useful genes for current wheat breeding were found in T. timopheevii, 
such as the traits for wheat T-type cytoplasmic male sterility (Sun et al. 2001), powdery 
mildew (Jorgensen and Jensen 1973). Our previous study discovered T. timopheevii ssp. 
timopheevii species had NAM-G1 genes, being highly similar to the previously pub-
lished functional NAM-B1 gene of T. dicoccoides (Körn. ex Asch. & Graebn.) Schweinf. 
(AABB, 2n = 4x = 28). And, the tested NAM-G1 relative expression quantities were sig-
nificantly positively correlated with grain protein content (GPC) of the T. timopheevii 
ssp. timopheevii accessions (Hu et al. 2013). The NAM-B1 gene can enhance the transfer 
of nutrients from the leaves to the grain, which led to an increase in grain Zn and 
Fe concentration (Uauy et al. 2006b). However, it is unclear that the variability of grain 
Fe and Zn concentrations and the relationship between them and NAM-G1 gene in 
T. timopheevii ssp. timopheevii. This study is to identify genetic variation for grain Fe 
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and Zn concentrations in T. timopheevii ssp. timopheevii, and to analyze correlation 
among grain Fe and Zn concentrations with agronomic traits and NAM-G1 gene, in order 
to exploit the potential genetic resource with high Fe and Zn concentrations for bioforti-
fication program of elite bread and durum wheat cultivars, and better understand the 
NAM-G1 gene function as well as characteristics of grain Fe and Zn concentrations in 
T. timopheevii ssp. timopheevii.
Materials and Methods
Plant materials
The plant materials comprised 12 accessions T. timopheevii ssp. timopheevii were kindly 
provide by the NPGS (http://www.ars-grin.gov), as well as the two wheat cultivars of 
T. aestivum cv. Chinese Spring (CS, 2n = 6x = 42, AABBDD) and T. durum cv. Langdon 
(LDN, 2n = 4x = 28, AABB) used as reference were obtained from Triticeae Research 
Institute, Sichuan Agricultural University, China (Table S1*). All of the tested materials 
were grown in the experimental station of the Triticeae Research Institute, Sichuan Agri-
cultural University for two consecutive seasons of 2009–2010 and 2010–2011. Grain 
were harvested and threshed from each material at physiological maturity. 
Determination of Fe and Zn concentration in grain
Whole-grain samples were washed with 0.1 M HCl and dried to constant weight at 80 °C. 
Dried grains of each material were ground to powder using non-rust steel miller, and then 
the powders were placed in a clean plastic bag for analysis. The powdered grains 
(0.5 ± 0.0005 g) were placed into each polytetrafluoroethylene (PTFE) beaker, to which a 
HNO3 : HClO4 (4 : 1) diacid mixture was added. The samples were digested till only dry 
white residues were obtained, and then made volume required. Meanwhile, blank and 
standard samples were added each time for reference. Grain Fe and Zn concentrations 
expressed as mg kg–1 dry weight were analyzed by an atomic absorption spectrophotom-
eter (AA6100, Shimadzu, Japan). Three replications were performed to minimize the er-
ror during analysis. 
Determination of Fe and Zn concentration in flag leaf
In seasons of 2010–2011, flag leaves from 12 accessions T. timopheevii ssp. timopheevii 
were collected during the stage from heading to anthesis. According to the method of 
Rawat et al. (2009b), the leaves were washed thoroughly with 0.1 M HCl, dried at 80 °C 
for 8 h in oven prior to digestion. Dried leaf samples were then digested, using the above 
method for grain. Leaf Fe and Zn concentrations with three replications were also ana-
lyzed by AA6100. 
*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Investigation of agronomic traits
The four agronomic traits including plant height, number of tiller per plant, number of 
spikelet per spike and thousand-kernel weight (TKW) were investigated through tradi-
tional method from 12 accessions T. timopheevii ssp. timopheevii in seasons of 2010–
2011. The grain volume made up of the longest, widest and thickest sizes from 30 seeds 
per accession was determined through a vernier caliper. 
The expression levels of NAM-G1 genes
The relative expression levels of NAM-G1 genes from the 12 T. timopheevii ssp. 
timopheevii accessions were completed in our prior research (Hu et al. 2013). In that 
study, the actin gene used as reference, qRT-PCR of NAM-G1 gene was performed with 
the iQTM5 Real-Time PCR Detection Systems (Bio-Rad, CA, USA). The relative quantity 
of NAM-G1 gene was presented as normalized linearization value using 2–ΔΔCt method. 
Those results showed that the relative expression levels of NAM-G1 genes were signifi-
cantly different (F = 85.25, P < 0.01), ranging from 0.63 to 1.41. 
Statistical analysis
Statistical analyses were performed using SPSS version 17.0 for Windows (SPSS Inc., 
Chicago, IL, USA), including computation of mean performance, analysis of variance, 
correlation and regression analyses. Means were compared by the least significant differ-
ence test. Pearson’s correlation was calculated to evaluate the correlations among varia-
bles. 
Results
Stability for grain Fe and Zn concentrations in T. timopheevii ssp. timopheevii across 
years
Grain Fe and Zn concentrations in the 12 tested T. timopheevii ssp. timopheevii accessions 
between Year 1 (2009–2010) and Year 2 (2010–2011) exhibited a significantly positive 
correlation (P < 0.01) (Fig. 1), with high correlation coefficients r = 0.895 and r = 0.891, 
respectively. It revealed both the Fe and Zn concentrations in the T. timopheevii ssp. 
timopheevii lines were highly consistent across years, indicating the highly environmen-
tal stability of the grain Fe and Zn contents.
Variability of grain Fe and Zn concentrations among T. timopheevii ssp. timopheevii 
accessions
The genetic variability for Fe and Zn concentrations in the 12 accessions of T. timopheevii 
ssp. timopheevii, two wheat cultivars Chinese Spring (CS) and Langdon (LDN) grown 
across the two experimental years, was shown in Table S1. Grain Fe concentrations of the 
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12 T. timopheevii ssp. timopheevii accessions averaged 69.83 mg kg–1 and 70.21 mg kg–1 
in Year 1 (2009–2010) and Year 2 (2010–2011), respectively. Meanwhile, the grain Zn 
concentrations averaged 57.60 mg kg–1 and 55.71 mg kg–1 in Year 1 and Year 2, respec-
tively. By contrast, the grain micronutrient concentrations of bread and durum wheat 
cultivars were quite low. CS had Fe about 28.23 and 29.65 mg kg–1, and Zn about 21.12 
and 23.14 mg kg–1 in the two tested years, respectively. Likewise, LDN was with Fe about 
27.16 and 26.34 mg kg–1, and Zn about 20.58 and 22.45 mg kg–1. Analysis of variance 
further indicated that all the T. timopheevii ssp. timopheevii accessions in Fe and Zn con-
centrations were significantly higher than bread wheat CS and the durum wheat LDN in 
the two years (Table S1, Table 1).
The grain Fe concentrations among the 12 tested T. timopheevii ssp. timopheevii acces-
sions varied from 46.76 to 92.11 mg kg–1 and 47.36 to 88.41 mg kg–1 in Year 1 and Year 
2, respectively, with an average variation of the two years from 47.06 mg kg–1 to 90.26 
mg kg–1. Meanwhile, the grain Zn concentrations ranged from 28.04 to 68.96 mg kg–1 and 
32.06 to 65.60 mg kg–1 in Year 1 and Year 2, respectively, with an average variation of the 
two years from 30.05 mg kg–1 to 65.91 mg kg–1. Analysis of variance showed the signifi-
cant difference for both the grain Fe and Zn concentrations among the materials (Table 
S1, Table 1). And, the ten genotypes PI266850, PI119442, PI221421, PI94761, PI190974, 
PI272523, PI251017, PI94760, PI272530, CItr15205 possessed both higher Fe and Zn 
Figure 1. Correlations of grain Fe (A) and Zn (B) concentrations of T. timopheevii ssp. timopheevii species 
between Year 1 (2009–2010) and Year 2 (2010–2011)
Table 1. Analysis of variance for grain Fe and Zn concentrations across the two years
Source of variation Degree of freedom
Mean sum of square
Year 1 (2009–2010) Year 2 (2010–2011)
Grain Fe Grain Zn Grain Fe Grain Zn
Replication  2 5.25 0.02 1.77 2.12
Accesion/cultivar 13 1177.74** 879.47** 1055.75** 724.81**
Error 26 2.94 0.22 4.01 0.66
Note: **significant at P = 0.01 level.
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contents, while the two lines PI282932 and PI282933 had both lower Fe and Zn contents. 
Apparently, T. timopheevii ssp. timopheevii species had abundant genetic resources with 
high Fe and Zn concentration, which could be selected for crosses with bread and durum 
wheat cultivars for their Fe and Zn biofortifications.
Correlations between grain and flag leaf for Fe and Zn concentrations 
In order to confirm whether some associations existed between grain and leaf for Fe and 
Zn concentrations, the Fe and Zn concentrations in flag leaves of the 12 T. timopheevii 
ssp. timopheevii accessions were examined during the stage from heading to anthesis in 
Year 2 (2010–2011). It was showed that the flag leaves had twice to three times higher Fe 
and Zn concentrations than grains. Moreover, significant positive correlations were found 
between leaf and grain for both Zn with a very high correlation coefficient r = 0.957 
(P < 0.01) and Fe with r = 0.648 (P < 0.05) in the tested accessions (Fig. 2). These indi-
cated both the Fe and Zn contents in grains might be availably forecasted by those in flag 
leaves.
Correlations between grain Fe and Zn concentrations as well as between them 
and agronomic traits 
The relationships between concentrations of the two mineral elements and agronomic 
traits besides that between grain Fe and Zn concentrations of T. timopheevii ssp. 
timopheevii accessions were tested in the season of Year 2 (2010–2011). As shown in 
Table 2, there was significantly positive correlation between grain Fe and Zn concentra-
tions (r = 0.638, P < 0.05). No obvious relationship existed between Zn or Fe concentra-
tion and the two agronomic traits including tillers per plant and seed size (grain volume 
or thousand-kernel weight), which indicated the two mineral elements’ concentrations 
might be not disturbed by seed size. However, positive correlations between the grain Zn 
concentration and the two agronomic traits of plant height and spikelets per spike were 
discovered with coefficients 0.678 and 0.588 at 0.05 level, respectively. Particularly, no 
relationship was observed between grain Fe concentration and all the tested agronomic 
traits. 
Figure 2. Correlation between leaf and grain micronutrients (Fe (A) and Zn (B)) of T. timopheevii ssp. 
timopheevii species in Year 2 (2010–2011)
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Correlations between the concentration of grain Fe and Zn  
and the expression level of NAM-G1 gene
In Year 1 (2009–2010), the correlation coefficients of the grain Fe and Zn concentrations 
and the gene expression level were r = –0.022 and r = 0.174, and in Year 2 (2010–2011), 
r = 0.141, r = 0.016, respectively (Figs S1, S2). Apparently, not only grain Fe but also 
grain Zn concentration was not relevant with the expression level of NAM-G1 gene. 
Discussion
T. dicoccoides was commonly recognized as the most promising genetic resource 
(Cakmak et al. 2004; Chatzav et al. 2010). It is rich in micronutrients such as Fe and Zn 
(Chhuneja et al. 2006; Chatzav et al. 2010; Neelam et al. 2011). However, the effective 
variability of Fe and Zn concentrations in T. timopheevii ssp. timopheevii has little re-
ported to date. In this study, the results across the two experimental years showed the 12 
tested T. timopheevii ssp. timopheevii accessions possessed significantly higher grain Fe 
and Zn concentrations than bread and durum wheat (Table S1), of them, the lines PI266850 
and PI119442, possessed the highest Fe and Zn contents for 90.26 mg kg–1 and 65.91 mg 
kg–1, respectively. Moreover, a vast majority of them had both higher Fe and Zn concen-
trations. Correlation analyses further detected the significantly positive correlation be-
tween the concentrations of grain Fe and Zn in the T. timopheevii ssp. timopheevii acces-
sions (Table 2), which agreed with previous studies of a number of germplasm from wild 
and modern wheat and spelt wheat (Morgounov et al. 2007; Chatzav et al. 2010; Gomez-
Becerra et al. 2010a, b). This illustrated the tested T. timopheevii ssp. timopheevii materi-
als were genetically stable for controlling grain Fe and Zn concentrations. 
Morgounov et al. (2007) reported that there is a significant negative correlation be-
tween the concentrations of grain Fe and Zn and the grain yield in modern cultivars. But, 
there seems to be no correlation between thousand-kernel weight (TKW) and grain Zn 
content in adapted wheat lines (Velu et al. 2012). Gomez-Becerra et al. (2010b) discov-
ered most of genotypes were not only with high grain Zn and Fe concentrations but also 
high seed weight in T. dicoccoides, considering no concentration effect due to small 
grain size. Similar to the previous reports by Cakmak et al. (2004) and Velu et al. (2012) 
who discovered no negative linkage of grain Zn and Fe with grain yield, our study also 
indicated the Fe and Zn concentrations were not correlative with both the seed volume 
and thousand-kernel weight (TKW) in 12 T. timopheevii ssp. timopheevii accessions 
Table 2. Pearson’s correlations among grain Fe and Zn concentrations and five agronomic traits  
in 12 T. timopheevii ssp. timopheevii accessions grown in the season of 2010–2011 (Year 2)
Zn Plant height Tillers per plant Spikelets per spike Grain volume TKW
Zn 0.678* 0.103 0.588* 0.289 0.252
Fe 0.638* 0.13 0.317 0.424 –0.221 0.134
Note: *significant at P = 0.05 level.
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(Table 2). Therefore, it is believable that T. timopheevii ssp. timopheevii might be one of 
promising genetic resources for breeding iron- and zinc-fortified wheat via traditional 
cross and the grain yield might be not affected. 
Not only grain Fe and Zn concentrations displayed the very close positive correlation 
in a number of germplasm resources, but also they had some same characteristics like 
significant positive correlation with grain protein content, as well as negative correlation 
with the traits of glutenin content, plant height and grain number per m2 (Oury et al. 2006; 
Morgounov et al. 2007). Hence, it was inferred that physiological and genetic factors in-
volved in Zn and Fe deposition in the seeds are same or very similar, or the alleles for Zn 
and Fe deposition in the grain co-segregate or pleiotropic (Velu et al. 2014). In the present 
research, the grain Zn concentration was significantly related to the agronomic traits such 
as plant height and number of spikelets per plant of T. timopheevii ssp. timopheevii 
(Table 2), while no obvious relationship was observed between grain Fe concentration 
and all of the tested agronomic traits. These diverse results might be resulted from differ-
ent experimental materials. On the other side, the genetic systems controlling grain Fe 
and Zn concentrations or their physiologically and biochemically metabolic systems 
might be relevant but of some discrimination. Our study also discovered that the flag 
leaves had twice to three times higher Fe and Zn concentrations than grains, as well as 
both the concentrations in the flag leaves were significantly positively correlated with 
those in grains of the 12 tested T. timopheevii ssp. timopheevii accessions (Fig. 2), which 
agreed with the result of Aegilops species reported by Rawat et al. (2009a, b). These im-
plied flag leaves could be indirectly used for evaluating grain Zn and Fe contents in the 
breeding programs, which would benefit the seeds with both high Fe and Zn contents to 
keep from being ground for examining the mineral element. And, it should be feasible 
that the flag leaves used to do qRT-PCR expression analysis for investigating the genes 
controlling grain Fe and Zn concentrations. 
Many different transporters for the uptake of Fe, Mn, Cu and Zn have been identified, 
such as IRT1 (iron-regulated transporter 1) encoding the major Fe transporter at the root 
surface. Over-expression of OsIRT1 led to increase both Fe and Zn accumulation in rice 
(Lee and An 2009). In addition, the ancestral NAM-B1 gene of the high protein locus 
Gpc-B1 belonging to a simple Mendelian inheritance (Distelfeld et al. 2004) being lo-
cated on 6BS in T. dicoccoides, could simultaneously increase remobilization of mineral 
Fe and Zn nutrients and N elements from leaves to seeds, resulting in Fe, Zn and protein 
accumulation in seeds, and at the same time, shorten the filling stage leading to decreas-
ing seed size. So, this gene is considered as being pleiotropism (Uauy et al. 2006a; Waters 
et al. 2009). Our previous study discovered that the ancestral NAM-G1 genes existing in 
all the 12 tested T. timopheevii ssp. timopheevii accessions, were highly similar in mo-
lecular structures to the previously published functional NAM-B1 gene. In addition the 
qRT-PCR levels of NAM-G1 alleles are highly related, as well as their sequence variations 
in both nucleotide and amino acid also probably relevant to the genetic adversity of grain 
protein concentration in the T. timopheevii ssp. timopheevii lines (Hu et al. 2013). The 
current study showed that both the grain Fe and Zn concentrations were not obviously 
associated with the expression levels of the NAM-G1 genes (Figs S1, S2). Some evi-
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dences have shown that grain Fe and Zn are quantitatively inherited traits in wheat (Tre-
thowan et al. 2005). It is well known that protein is one kind of organic compounds, 
whereas Fe and Zn are inorganic mineral elements. So, there are many differences not 
only in physical and chemical properties but also in physiological and biochemical prop-
erties between these two kinds of substances, which would result in being different in 
their anabolism as well as catabolism, intake as well as translation, etc. in different plants. 
Thus, there might be other biological factors impacting the grain’s Zn and Fe concentra-
tions. And, further research in this area would be needed. 
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